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Targeting of newly synthesized membrane proteins to the endoplasmic reticulum is an essential cellular process. Most membrane proteins are recognized and targeted co-translationally by the signal recognition particle. However, nearly 5% of membrane proteins are 'tail-anchored' by a single carboxy-terminal transmembrane domain that cannot access the co-translational pathway. Instead, tail-anchored proteins are targeted post-translationally by a conserved ATPase termed Get3. The mechanistic basis for tail-anchored protein recognition or targeting by Get3 is not known. Here we present crystal structures of yeast Get3 in 'open' (nucleotide-free) and 'closed' (ADP?AlF 4 2 -bound) dimer states. In the closed state, the dimer interface of Get3 contains an enormous hydrophobic groove implicated by mutational analyses in tail-anchored protein binding. In the open state, Get3 undergoes a striking rearrangement that disrupts the groove and shields its hydrophobic surfaces. These data provide a molecular mechanism for nucleotide-regulated binding and release of tail-anchored proteins during their membrane targeting by Get3.
Eukaryotic cells have evolved sophisticated machinery to ensure high fidelity targeting and insertion of membrane proteins into intracellular organelles. For targeting to the endoplasmic reticulum (ER), the best understood mechanism is a co-translational pathway mediated by the cytosolic signal recognition particle (SRP), the ER-associated SRP receptor, and the Sec61 protein translocation channel [1] [2] [3] . This pathway is conserved from bacteria to humans and is essential for biosynthesis of a wide range of membrane proteins. However, many ER-targeted proteins cannot access the SRP-dependent co-translational pathway.
A particularly important example is the tail-anchored (TA) protein, defined by a single C-terminal transmembrane domain (TMD) 4, 5 and a cytosolic facing amino-terminal domain. TA proteins mediate numerous essential biochemical activities in nearly every cellular membrane. Well-known examples include SNARE proteins involved in vesicle trafficking, components of the mitochondrial and ER protein translocation apparatus, members of the Bcl2 family of apoptotic proteins, and several viral envelope and non-structural proteins 4, 6, 7 . The targeting information for TA proteins resides solely within the TMD. Because the TMD is still within the ribosomal tunnel when the termination codon is reached, co-translational targeting is precluded 8 . Thus, TA proteins are obligatorily recognized and targeted post-translationally by an SRP-independent pathway.
A central component of the TA protein pathway to the ER is a highly conserved cytosolic ATPase termed Asna1 or TRC40 (refs 9, 10) . Although originally annotated Asna1 owing to ,27% sequence identity to ArsA, the catalytic subunit of the Escherichia coli arsenite resistance operon [11] [12] [13] , eukaryotic TRC40s have evolved different functions. Both mammalian TRC40 and its yeast homologue Get3 recognize and selectively bind the TMD of TA proteins in the cytosol. This complex then targets to the ER by membrane-bound receptors (termed Get1 and Get2 in yeast 14 ), where the TA protein is released for insertion. This spatially restricted unidirectional targeting is regulated by ATP binding and hydrolysis, but the mechanistic basis of this process is not understood. To address this, we determined the crystal structures of yeast Get3 in the nucleotide-free and ADP?AlF 4 2 -bound states. Our structural and functional analysis suggests how Get3 binds selectively to TMD substrates, and how ATP hydrolysis regulates TA protein binding and release during targeting to the ER.
Overall structure of the Get3 homodimer
We determined the X-ray crystal structures of ADP?AlF 4
2

-bound
Saccharomyces cerevisiae Get3 and nucleotide-free Schizosaccharomyces pombe Get3 (,58% identical to S. cerevisiae Get3) at 2.0 and 3.0 Å resolution, respectively (Supplementary Table 1 and Supplementary  Figs 1 and 2 ). Both structures show a symmetric homodimer (Fig. 1a,  b) . Each monomer comprises a core ATPase subdomain and an a-helical subdomain ( Supplementary Fig. 3a) . The Get3 ATPase subdomain shows structural similarity to other members of the SIMIBI (after signal recognition particle, MinD and BioD) class of NTP-binding proteins 15 , including its closest sequence homologue of known structure, ArsA 16 , and the more distantly related nitrogenase iron protein (NifH) 17 , Soj 18 , MinD 19 and the SRP GTPases 20, 21 . The nucleotide-free structure of S. pombe Get3 shows the two subunits splayed apart (Fig. 1a) with ,900 Å 2 of surface area buried in the interface (Fig. 1c) . A 3.8 Å resolution structure of nucleotidefree S. cerevisiae Get3 shows the same open dimer architecture (Supplementary Table 1 and Supplementary Fig. 2 ), suggesting that the open form reflects a conserved conformation of nucleotide-free Get3. In contrast, the ADP?AlF 4 2 -bound form of S. cerevisiae Get3 (Fig. 1b) shows a large conformational change approximated by a ,37u rotation of one subunit towards the other. This movement 'closes' the quaternary structure into a more compact form that buries ,2,400 Å 2 of surface area in an extensive dimer interface that spans both subdomains (Fig. 1d) .
The open-to-closed transition in Get3 occurs about a hinge point centred on a zinc ion bound at the homodimer interface. This zinc is coordinated by the side chains of two cysteine residues from each monomer (Fig. 1e) , which are conserved in eukaryotic Get3 homologues ('CXXC motif'; Supplementary Fig. 3b ). Although no exogenous zinc was added during the experiment, the tetrahedral geometry, the identity of the coordinating ligands, and the X-ray fluorescence spectrum of bacterially purified Get3 assign this ion as zinc. Variants in which these cysteines are mutated do not coordinate zinc, fail to dimerize in solution, and are unable to complement the growth defect of Dget3 yeast 22 . Thus, Get3 is an obligate dimer containing a structural metal ion that stabilizes functionally distinct conformations.
The composite hydrophobic groove
The a-helical subdomain of Get3 overlaps with the allosteric metalloid binding site of ArsA, but shows important differences in sequence, structure and function. Eukaryotic TRC40s lack conserved residues used by ArsA to bind As/Sb(III). Instead, this region is enriched in methionine ( Supplementary Fig. 3b, red) , which is observed at 2-3 times greater frequency than typically found in vertebrate proteins. Furthermore, the eukaryotic TRC40 homologues contain a unique ,20-residue insertion in the a-helical subdomain that we term the 'TRC40-insert' (Supplementary Fig. 3b, yellow) .
In the Get3 open dimer, the a-helical subdomains are separated by more than 20 Å , creating a large cleft between the two subunits (Figs 1a and 2a). The surface of the cleft is charged rather than hydrophobic, making it unsuitable for TMD binding. In contrast, in the closed dimer state, the a-helical subdomains are in direct contact and define a continuous, solvent-exposed, hydrophobic groove that spans both monomers (Figs 1b and 2b) .
Each a-helical subdomain contributes six amphipathic helices to the composite groove. The bottom of the groove is formed by two 'crossing' helices (a6), whereas eight further helices (a4, a5, a7 and a9), that are roughly orthogonal to the crossing helices, form the sides of an extended groove (Fig. 2c) . Electron density in this region is generally weaker than in the rest of the protein, and this is reflected in higher B-factors; indeed, the regions connecting helices a4-a5 and a7-a9 (including helix a8 of the TRC40-insert) are disordered in electron density maps of the closed dimer ( Supplementary Fig. 1b) .
The Get3 composite groove exposes more than 3,000 Å 2 of hydrophobic surface area to solvent. In contrast, the signal sequence binding groove in the M-domain of Thermus aquaticus Ffh (the homolog of eukaryotic SRP54) exposes only ,1,500 Å 2 of hydrophobic surface area 23 . The non-polar character of the Get3 groove is conserved across eukaryotic TRC40s, but the sequence identity of residues lining the groove is not ( Supplementary Fig. 3b ). Polar and charged residues are almost completely excluded from the groove, whereas the ends, which are open to solvent, are delineated by two conserved, positively charged surface patches (Lys 147, Lys 150 and Lys 215). The hydrophobic region of the groove is approximately 30 Å long, 15 Å wide, and 15 Å deep (Fig. 2b) , which is sufficient to accommodate an a-helical TMD of ,20 residues, and could therefore form the TA substratebinding site.
To test this, 24 Get3 variants with single aspartate substitutions for hydrophobic residues on the surface of the groove were analysed for substrate interaction in vitro and functional complementation of a Dget3 yeast strain in vivo. All but one of these expressed at wild-type levels in E. coli, were soluble after purification, and possessed detectable levels of ATPase activity (Supplementary Table 2 ). A native pull-down assay showed that wild-type Get3 bound to in-vitrosynthesized SEC61b (a model TA protein) in a TMD-dependent manner ( Supplementary Fig. 4 ). Among the variant Get3 proteins, reduced TA substrate binding was seen for mutations clustered along helices a7 and a8 (Fig. 3a, c, green and magenta) . Notably, these regions include the C-terminal end of Switch II (helix a7), and the N-terminal end of the TRC40-insert (helix a8). In qualitative agreement with the substrate pull-down assay, the strongest in vivo defects clustered along helices a7 and a8 (Supplementary Fig. 5 ).
As expected, a set of double aspartate mutants, as well as the dimerization-deficient Cys285Ser/Cys288Ser double mutant, showed stronger growth defects that correlated well with in vitro TA substrate binding activity (Fig. 3a, d) . Notably, two single mutations (Met200Asp and Met205Asp) that showed relatively modest in vitro and in vivo defects had a much stronger effect when combined. The double mutants expressed to high levels in E. coli, were soluble, and showed ATPase activities that are within ,2-3-fold of wild-type Get3 ( Fig. 3b and Supplementary Table 2 ), suggesting that the observed defects were not due to improper folding or impaired catalysis. Considered together with the crystallographic analysis, these functional data suggest that newly synthesized TA substrates bind to the composite hydrophobic groove of Get3 during targeting to the ER.
The nucleotide sensor
In the ADP?AlF 4 2 -bound Get3 crystal structure, two nucleotides are buried in a head-to-head conformation at the homodimer interface (Fig. 1b) . Nearly 30% of the surface area buried in this interface involves the conserved ATPase sequence motifs (Fig. 1d) . Although each nucleotide is principally associated with one monomer, key contacts are also made to the second monomer, explaining why dimerization-deficient mutants of Get3, including Cys285Ser/ Cys288Ser (Fig. 3a, b, d ), are functionally inactive 22 . The active sites of both Get3 monomers are locked in virtually identical conformations mimicking the transition state (Fig. 4a ). This contrasts with ArsA, in which the nucleotide-binding sites seem to be structurally and functionally non-equivalent 24 . In Get3, the square-planar AlF 4 2 and a-and b-phosphates of ADP interact with the P-loop through backbone amide nitrogens of residues 28-33 and the side chains of Thr 32 and Thr 33. Mg 21 
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. A well-ordered water molecule, coordinated by the side chain of Asp 57 (in Switch I) and only 3.6 Å from Pro 169 (in Switch II), is positioned for in-line nucleophilic attack on the c-phosphate of ATP. This interaction is essential because an Asp57Asn mutant is defective for ATP hydrolysis and unable to rescue the hygromycin B-sensitive phenotype of Dget3 yeast (Fig. 3b, d ). In addition, the conserved P-loop residue Lys 26 reaches across the dimer interface to contact the a-and b-phosphates and AlF 4 2 in the opposing active site. This intersubunit interaction is essential for catalysis in related systems, including NifH 25 and Soj
18
. In Get3, Lys 26 probably functions analogously to stabilize the transition state by neutralization of the negative charge at the c-phosphate.
The observation that ATP hydrolysis is required for efficient release of the TA substrate at the ER membrane 10 suggests that the ATPase and a-helical subdomains of Get3 are functionally linked. Consistent with this, we found that a subset of aspartate point mutations within the a-helical subdomain reduced the rate of ATP hydrolysis in vitro (Fig. 3b, c, blue and magenta) . These mutations are adjacent to the conserved Switch II region (Fig. 3c, yellow) , which undergoes nucleotide-mediated conformational changes in related systems, including NifH 25, 26 . In the Get3 crystal, the transition from an open to a closed state is accompanied by a coil-to-helix transition in the N-terminal end of helix a7, part of Switch II (Fig. 4b) . In the helical conformation, the side chain of the Switch II residue His 172 (which binds to metalloid substrates in ArsA) stacks against the His 172 side chain from the opposing subunit. Each His 172 makes an additional cross-monomer interaction with Glu 138 (part of helix a6), and Arg 175 (located in helix a7, immediately C-terminal to Switch II) forms an inter-monomer salt bridge to Asp 137 (part of helix a6). Remarkably, these residues are conserved from yeast to human.
The network of Switch-II-mediated cross-monomer interactions between the ATPase and a-helical subdomains in the closed dimer provides a direct link between nucleotide switching and formation of the composite TA binding site. Consistent with this, the nucleotidefree crystal structure shows Switch II/a7 in a coiled conformation, and the network of inter-subunit interactions observed in the closed dimer is completely disrupted (Fig. 4b, grey) . In this open state, the a-helical subdomains are separated by more than 20 Å (Fig. 1a) , and the composite hydrophobic groove is disrupted. Helices within the isolated a-helical subdomains are rearranged (Fig. 4c, grey) ; most notably, helix a8, which is disordered in the closed dimer structure, packs against the a-helical subdomain, where it shields the hydrophobic surface from solvent. Taken together, and by analogy to other SIMIBI proteins 25, 27, 28 , the Get3 crystal structures suggest that Switch II functions to relay structural changes induced by ATP binding and hydrolysis to the homodimer interface and the TA substrate binding site.
Implications for TA protein binding
We propose that the composite hydrophobic groove observed in the closed configuration of the Get3 homodimer forms the TMD binding site. This assignment is consistent with our biochemical, genetic and structural analysis. The dimensions of the groove are well suited for binding to an a-helical TMD of ,20 residues (Fig. 5a) . The conserved TRC40-insert, which is disordered in the closed dimer structure (presumably reflecting the absence of a bound TA substrate), is a dynamic feature of the TA binding site. It may serve as a 'lid' to shield the exposed face of a bound TMD from solvent during targeting, and to protect the hydrophobic surface of the isolated a-helical subdomain in the absence of substrate.
The extensive hydrophobic surface area (.3,000 Å 2 ) within the groove suggests that Get3 binds to a wide range of ER-directed targeting signals with high affinity. Consistent with this, many of the single aspartate Get3 mutants remain capable of interacting with TA ARTICLES substrates despite the presence of charge within the hydrophobic groove ( Fig. 3a and Supplementary Fig. 5 ). Phylogenetic analysis of eukaryotic TRC40 sequences indicates that methionine is unusually abundant within the groove. Similar to previous proposals for signal sequence binding by the methionine-rich M-domain of SRP54 and Ffh 23, 29 , the intrinsic side-and main-chain dynamics of the groove probably contribute to the ability of Get3 to accommodate diverse TA protein targeting signals.
The structures also suggest how Get3 distinguishes between closely related ER and mitochondrial outer membrane (MOM)-directed targeting signals. ER-targeted TA proteins typically possess longer and more hydrophobic TMDs than TA proteins destined for the MOM 30 . Thus, the composite groove in Get3 may function as a molecular ruler, preferentially binding to ER-directed TA proteins of sufficient length (,30 Å ) and hydrophobicity. Similarly, MOM-directed targeting signals generally contain positive charge immediately C-terminal to the TMD 31, 32 . Thus, further discrimination may occur at the positively charged ends of the Get3 hydrophobic groove (Fig. 2b) , where charge repulsion biases Get3 against binding to MOM targeting signals. Together, these structural features may allow selective binding to ERdirected targeting signals.
A model for TA protein targeting Our structural and functional data allow us to propose a physically plausible model by which ATP binding and hydrolysis regulate TA substrate binding and release during targeting to the ER (Fig. 5b) . Targeting is initiated in the cytosol when ATP binding drives Get3 towards the closed dimer state, facilitating recognition of newly . The nucleotide makes further interactions with residues in the second subunit (blue), including the P-loop residue Lys 26. b, A coil-to-helix transition in the Switch II region (green and blue) is observed in the presence of ADP?AlF 4 2 relative to the nucleotide free state (grey subunit). Viewed ,180u from the orientation in c, looking along the dimer pseudo-two-fold axis, and coloured as in Fig. 1 . Conserved, cross-monomer interactions between Switch II/a7 and the a-helical subdomain are disrupted in the open dimer (the second subunit of the nucleotide-free dimer is not visible here). c, The a-helical subdomains move apart in the open dimer (grey), and helices within each of the resulting 'half-sites' rearrange; helix a8, disordered in the closed dimer, inserts into the hydrophobic half-site to shield it from solvent. synthesized TA membrane proteins in a TMD-dependent manner 9,10,14 . To minimize unproductive ATP hydrolysis, active site residues in the closed dimer interface (for example, Lys 26) are held in non-catalytic conformations until the pre-targeting complex is delivered to the Get1/2 receptor at the ER membrane 14 . Because ATP hydrolysis is required for insertion 10 , association with the receptor, the lipid bilayer and/or a putative integrase drives the 'loose' pretargeting complex into a catalytically competent conformation. After ATP hydrolysis and dissociation of ADP and/or inorganic phosphate, the Switch II region collapses, thereby disrupting the network of conserved cross-monomer interactions that stabilize the composite groove (Fig. 4b) . Initially, these conformational changes may be propagated through helix a7 to 'pop' open the TRC40-insert lid, as observed in the closed dimer, facilitating TA substrate release. An intriguing possibility is that the conserved TRC40-insert transiently partitions into the outer leaflet of the ER lipid bilayer to drive TA substrate insertion into the membrane. Subsequently, Get3 reverts towards the open dimer state, lowering its affinity for the Get1/2 receptor, and returning it to the cytosol to initiate a new round of targeting.
METHODS SUMMARY
Wild-type and selenomethionyl proteins were expressed in E. coli and purified using Ni-NTA and size-exclusion chromatography. Crystals were grown in hanging drop, vapour diffusion format. Diffraction data were collected from cryo-protected crystals at beamline 21-IDG of the Advanced Photon Source (Argonne National Laboratories). The structure of S. cerevisiae Get3 complexed with ADP?AlF 4 2 was determined by single-wavelength anomalous dispersion (SAD) from selenomethionine-containing protein using PHENIX 33 . The structures of nucleotide-free S. cerevisiae and S. pombe Get3 were solved by molecular replacement in PHASER 34 . A monomer of the S. cerevisiae Get3-ADP?AlF 4 2 complex (with nucleotide and the a-helical subdomain removed) was used as the search model. Refinement and model building were carried out with PHENIX 33 and COOT 35 . A series of GET3 genes containing site-specific mutations were generated by Quik-Change mutagenesis. The identity of each mutant was confirmed by DNA sequencing. Proteins were expressed in E. coli and purified by Ni-NTA chromatography. TA substrate binding was monitored using a native pull-down assay in which full-length 35 S-labelled human SEC61b was translated in a TRC40-depleted reticulocyte lysate translation extract with or without recombinant wild-type or mutant Get3 protein. After translation, Get3 was immunoprecipitated under native conditions, analysed by SDS-PAGE, and quantified by phosphorimaging. The ATPase activity of Ni-NTA-purified protein was determined using an NADH-coupled microplate photometric assay 36, 37 . Wild-type and mutant GET3 genes were subcloned into a low copy number URA plasmid under the control of a medium-strength, constitutive ACT1 promoter, and transformed into a Dget3 strain (Open Biosystems); serial dilutions of each transformant were spotted (along with wild type and vector only controls) onto synthetic defined medium (2uracil) supplemented with 100 mg ml 21 hygromycin B. Plates were photographed after 2 days at 37 uC.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. can be modelled into the Get3 hydrophobic groove with good physiochemical complementarity. b, The Get3 open dimer binds ATP and newly synthesized TA proteins destined for the ER (step 1). The Get3-substrate complex is targeted to the ER by an interaction with the membrane bound receptor, Get1/2 (step 2). After ATP hydrolysis, conformational changes in the nucleotide sensor destabilize the composite groove, driving TA substrate release (step 3). Membrane insertion may be spontaneous, or facilitated by a dedicated integrase (not shown). Disruption of the closed dimer following ATP hydrolysis and TA substrate insertion drives release from the membrane and restores Get3 to its open dimer configuration (step 4).
